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LAWS GOVERNING THE OCCURRENCE OF RARE EARTH ELEMENTS /99
IN THE EARTH'S CRUST-

Yu. A. Balashov

ABSTRACT L R738€

Correlation ratios of rare earth elements were
established and a systematic study was made of rare
earth elements in rocks of the earth's crust.

Maximum variations in rare earth elements were
observed in alkaline rocks and granites. On the av-
erage, massifs formed by alkaline rocks and granit-
oids were distinguished by a strong prevalence of
the cerium group as compared with ultrabasic and
basic rocks.

A1l rocks of the earth's crust (including sedi-
mentary and metamorphic) are distinguished by a
higher content of rare earth elements (with relative
concentrations of the cerium group) as compared with
the silicate phase of chondrites assumed to be anal-
ogous to the matter in the mantie.

The mantle is probably connected with dissemi-
nation chiefly of the yttrium group of rare earth
elements in abyssal differentiates of the mantle
(dunites) due to isomorphic dispersion of rare earth
elements in Fe- and Mg silicates.

The rare earth elements which occupy an isolated position in the
periodic table due to the specific nature of their electron shell struc-
ture reflect the most important properties of this table in miniature:
an increase in basicity with increased ionic radius of the element (in a
vertical direction in the table) and periodicity in changes in their chem-
ical and physical properties (in a horizontal direction).

In addition, the similarity of the chemical properties of rare
earth elements which permit one to regard them in the first approximation
as one element is caused by common migration routes of the rare earth ele-
ments and their joint occurrence 1n different natural objects.

1 Geokhimiya, No. 2, pages 99-11k, 1963




In spite of the interest in rare earth elements, their study was of
a somewhat one-sided nature for a long time, being associated essentially
with rare earth minerals. Information on the occurrence of rare earth
elements in the rocks of the earth's crust was limited and fragmental,
and this produced very contradictory ideas concerning these elements.

Since 1959 the author has been conducting research on the general
laws governing the occurrence of rare earth elements in the rocks of the
earth's crust which permit one to explain the variety and the specifics
of the occurrence of rare earth elements in different types of rock; to
establish correlation ratios of rare earth elements in rocks and basic
trends in the magmatic evolution of rare earth elements during the forma-
tion of individual massifs; and also to note routes of separation of rare
earth elements in the upper parts of the earth's mantle during the forma-
tion of the earth's crust.

Correlation ratios of rare earth elements in rocks are examined in
this article and general information is presented on the distribution of
rare earth elements in different rocks and in the earth's crust as a

whole.l

Contemporary Ideas on the Prevalence of Rare Earth Elements
in the Earth's Crust

Although more than 160 years have passed since rare earth elements
were discovered, detailed familiarity with the literature on the geo-
chemistry of these elements reveals that even now there is no agreement
on the nature of the distribution of rare earth elements in the rocks of
the earth's crust.

Present ideas on this problem can be divided into three groups
which reflect to a certain extent the evolution of ideas on the basic
problems of rare earth element geochemistry in the last four decades.

1. In works by Rankama and Sahama (1950, Ref. 58), Goldschmidt
(1954, Ref. 51), Suess and Urey (1956, Ref. 6L), and Taylor (1960, Ref.
66), it is pointed out that rare earth elements comprise a large unified
group of chemical elements that have not undergone serious fractionation
in the earth.

Information on the occurrence of rare earth elements in the magmatic
process is generalized in another article by the author (in a collection
of articles dedicated to the 100th anniversary of the birth of V. I.
Vernadskiy).



These views on the relative constancy of the composition of rare /100
earth elements in the earth's crust were developed in the 1930's, (Hevesy,
1929, Ref. 40O; Goldschmidt, 1933, 1937, Refs. 49, 50) as generalized data
on the geochemistry of rare earth elements obtained from 1908 to 1935
(Eberhard, 1908, Ref. LL; Goldschmidt and Thomassen, 1924, Ref. L5; Gold-
schmidt, Ulrich, and Barth, 1925, Ref. L46; Goldschmidt, 1926, 1930, Refs.

47, 48; Russell, 1929, Ref. 59; Minami, 1935, Ref. 5k; Noddack, 1935,
Ref. 57, and others).

2. The opposite opinion on differentiation of rare earth elements
in rocks of the earth's crust was developed in a number of works by otHer
investigators (Borodin, 1960, Ref. 12; Balashov and Turanskaya, 1960,

1962, Refs. 2, 3, 8; Zlobin and Balashov, 1961, Ref. 28; A. P. Vinogradov,
1961, 1962, Refs. 21, 22, 23; Vaynshteyn, Pavlenko, Turanskaysa, Yulova,
1961, Ref. 16; Shvey, 1962, Ref. 4l; Balashov, 1962, Ref. 7; Taylor, 1962,
Ref. 67). However, in their arguments, there are definite differences in
the ideas on the occurrence of rare earth elements in the principal types
of igneous rocks.

a) Thus, L. S. Borodin and I. V. Shvey base their opinions
chiefly on data from analysis of accessory minerals.

In fact, a great deal of factual material has been accumulated re-
cently on rare earth elements in minerals, and most of it in the last ten
years. Correlation ratios of rare earth elements in minerals have been
established as the result of work done by Murata and co-workers (1953-
1957, Refs. 55, 56; Vaynshteyn, Tugarinova, and Turanskaya, 1955, 1956,
Refs. 13, 14, 15; Semenov and Barinskiy, 1958, Refs. 32, 33), and many
others, and it has been shown that the composition of rare earth elements
in the same mineral species varies in accordance with the genesis of the
mineral (confirmation of Vernadskiy's proposition, 1929, Ref. 17).

A1l this research permits one to speak with considerable confidence
on the peossibility of different composition of rare earth elements in
rocks, but does not by any means lead to correct conclusions on the trend
of changes at all times.

Although Borodin (1960) stated that the cerium group of rare earth
elements accumlates in alkaline rocks while the yttrium group accumulates
in acid rocks, Shvey (1962) believes that the light lanthanides occur in
basic and alkaline rocks and to a lesser degree in granites; on the other
hand, yttrium and its rare earth analogs (Ref. 41) are more characteristic
of alkaline granites.

A comparison shows that these ideas are contradictory, and they are
not original since they add details to propositions advanced earlier by
Fersman (1939, Ref. 38) and Haberlandt (1947, Ref. 39), and, what is most
important, they do not correspond to direct determinations of rare earth
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elements in basic and acid rocks. Thus, Sahama (1945, Ref. 31) utilized
X-ray spectral analysis to show that gabbro and dolerites are relatively
rich in the yttrium group as compared with the granites of Southern Fin-
nish Lapland.

This sort of divergence between theory and factual data is caused
by the separation in nature of rare earth elements by accessory minerals
(with a predominance of XCe in some and concentrations of XY in others
(Refs. 2,3,24), thus it is difficult to judge the composition of rare
earth elements in rock without a detailed mineralogical balance. More-
over, there are no grounds for believing that rare earth elements are
concentrated primarily in accessory minerals in all rocks. In fact, an
investigation of monazite-containing Kirovograd granite showed that about
LO percent of the rare earth elements were dispersed in rock-forming min-
erals (Gavrilova and Turanskaya, 1958, Ref. 2L); 25 to 65 percent of all
the yttrium in the rock was concentrated in hornblendes of the granitoids
of the ?outhern California batholith (Sen, Nockolds, and Allen, 1959,
Ref. 62).

Judging the rare earth element content by accessory minerals can
turn out to be erroneous. For example, according to A. S. Pavlenko's
data, a comparison of the composition of rare earth elements in monazite-
containing granite from Ukrainis and in orthite-containing granite from
the Agash Massif (Eastern Tuva Autonomous Oblast'), shows that cerium
rare earth elements (¥Ce/EY = L.7, Table L) are dominant in the first and
relative richness of the yttrium group (ECe/IY = 1.2, Table 1) is observed /101
in the second. The composition of rare earth elements in the principal
accessory concentrators of rare earth elements--monazite and orthite--from
these rocks is marked by a reverse ratio. The lighter lanthanides of the
cerium group predominate more sharply in orthite (Ce/Nd = 3.1) than in
monazite (Ce/Nd = 2.6).

b) The second group of{investigators who defend the idea of
differentiation of rare earth elements in rocks of the earth's crust de-
pend on direct analyses of rare earth elements in rocks.

Up to 1960 information on rare earth elements in rocks was limited
to 35-40 X-ray spectral determinations, chiefly of shales and granites
(Minami, 1935, Ref. 5k4; Sahama and Yahatalo, 1939, Ref. 60; Sahama, 1945,
Ref. 61; Vaynshteyn, Tugarinov, and Turanskaya, 1956, Ref. 15; Gavrilovs,
Turanskaya, 1958, Ref. ol) and also semi-quantitative spectral analyses
(Van Tongeren, 1938, Ref. 65; Nockolds and Allen, 1958, Ref. 30; Lander-
gren, 1936, Ref. 52, and others).

Improvements in chemical methods for concentrating rare earth ele-
ments from rocks for X-ray spectral analysis (Balashov, 1961, Ref. 5;
Balashov, Turanskaya, Ref. 6) and the introduction of activation analysis
into the practice of geochemical investigations (Schmitt and others, 1960,
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Ref. 5) ensured a sharp expansion of work on determining rare earth ele-
ments in rocks and meteorites in the last two years.

Here we must note the appearance of new data on the composition of
rare earth elements in the silicate phase of chondrites (Schmitt and
others, 1960, Ref. 63) and the first figures on Dy and Eu in dunites
(A. P. Vinogradov, 1961, Ref. 21).

An analysis of factual material on the prevalence of rare earth
elements in igneous rocks, taking account of new determinations of rare
earth elements in meteorites and in dunite, permit one to note basic
tendencies in the distribution of rare earth elements in the formation of
the earth's crust. A. P. Vinogradov (Refs. 21, 22) pointed out for the
first time a directed variation in the composition of rare earth elements
ranging from meteorites (XCe/IXY = 1.3) to basalts (ECe/IY = 2.0) and
granites (ICe/IY = 3.5) toward relative accumulation of the cerium group

in acid rocks.l

Using Eu and Dy as examples, A. P. Vinogradov (1961) also noted
that the rare earth element content increased from dunites to meteorites
and from the latter to basalts (and granites) which, with data on many
other elements, is in good agreement with the mechanism of the melting of
the earth's crust from the material of the mantle which was proposed by
A. P. Vinogradov (Refs. 20, 21).

However, Taylor arrived at a different conclusion in his latest
article on the prevalence of rare earth elements in the earth's crust and
in meteorites (1962, Ref. 67) where he assumed that the composition of
rare earth elements in meteorites and in basalts is identical while con-
centration of the cerium group is observed in granites, even though his
reasoning is based on comparison of the very same data on rare earth ele-
ments in the silicate phase of chondrites (Schmitt and others, Ref. 63)
and in gabbro and dolerites (Sahama, Refs. 31, 60).

In the period 1960 to 1962 the first information was published on
the behavior of rare earth elements in comagmatic series of alkaline
rocks (Refs. 2, 3, 7, 28) and the distribution of rare earth elements in
different petrochemical types of rocks belonging to a genetically like
differentiated granitoid intrusive complex (Ref. 16). These works cast
light for the first time on some very important features of the geochem-
istry of rare earth elements in the magmatic process:

a) It was shown that the composition and content of rare
earth elements can vary considerably even in a single petrographic group

1111 ratios ICe/XY without Y.



of rocks (nepheline syenites, Refs. 7, 16; syenites, Refs. 28, 16; and
granites, Ref. 16).

b) The evolution of the composition of rare earth elements
differs according to intrusive phases of comagmatic alkaline series--
both light lanthanides (Ref. 28) and heavy lanthanides (Ref. 7) can ac-
cumulate by the end of the magmatic process.

¢) The variation in the composition of rare earth elements /102
by intrusive phases made up of alkaline rocks (the Lovozero Massif and
the Sandyk Massif, Ref. 7) is correlated with the evolution of the chemi-
cal composition of the phases (with changes in the a and c petrochemical

parametersl) within individual massifs. This connection has not been
established for the more extensive series of differentiation of granitoid
magma in which the composition of rare earth elements in the rocks de-
?ends on)the conditions of alkalinity during crystallization of the rocks
Ref. 16).

Finally, the appearance in 1957 to 1962 of new data on rare earth
element content in different types of rocks (including spectral determin-
ations of certain rare earth elements (Ref. L42) permitted an important
revision of the rare earth element content in different types of rocks
and in the earth's crust (A. P. Vinogradov, 1962, Ref. 23). As compared
with earlier generalizations (A. P. Vinogradov, 1950, 1956; Refs. 18, 19)
the average contents of rare earth elements in stony meteorites were de-
creased while they were increased in the principal acid rocks and on the
whole in the earth's crust.

Variations in the Composition and Content of Rare Earth Elements
in the Rocks of the Earth's Crust

Systematic investigations of rare earth elements in alkaline intru-
sions, then in granitoid and other rocks which were started in 1959 have
permitted the accumulation of a considerable amount of factual material
on the distribution of rare earth elements in rocks.

The composition of rare earth elements was analyzed with the parti-
cipation and under the guidance of Turanskaya by means of an X-ray spec-
tral method (Refs. 15, 37), with an accuracy of 5 to 8 percent for indi-
vidual elements. The total rare earth element content was determined by
a photocolorimetric method (Ref. 27) (when necessary, with .improvements
(Ref. 4)) which had accuracy of 6 to 20 percent.

The petrochemical parameters of A. N. Zavaritskiy.



The ¥Ce/EY ratio where XCe includes La - Eu and XY includes G4 -
Lu + Y (Y is also included in ITR203) was employed for comparing the com-

position of rare earth elements in rocks.

The summary (Table 1) contains known analyses of rare earth ele-
ments in igneous, sedimentary, and metamorphic rocks which characterize
the established limits of fluctuations in the composition and content of
rare earth elements in individual types of rocks. The table also in-
cludes data on the average content of rare earth elements in the earth's
crust (Ref. 23) and calculated average composition of rare earth elements
in individual massifs.

A diagram (page 8) of variations in the composition of rare earth
elements was constructed in accordance with the data in the table which
shows significant changes in the prevalence of rare earth elements in
different types of rocks.

The factual material cited here permits one to draw certain conclu-
sions on the distribution of rare earth elements in rocks.

1l. Fluctuations in the composition and content of rare earth ele-
ments decrease as we go from alkaline rocks and granites to basic and
ultrabasic rocks:

ICe/IY TREOB,%

. . . . -2
Nepheline syenites, syenites, alkaline 1.6-60-10
ultrabasic and basic rocks 1.2-30-(48) and higher
Granites 1.2-12 2.7-15-10"2
Sedimentary and metamorphic rocks 0.2-4.6 0.3—8-10-2
Basic and ultrabasic rocks (without 5
dunites) 1.0-1.2 0.09-0.3-10

It is necessary to note, however, that at present very little data
are available on ultrabasic, basic, and sedimentary rocks and that sys-
tematic investigations of these rocks for rare earth elements are lacking.

2. In spite of considerable fluctuations in the composition of /103
rare earth elements in nepheline syenites, syenites, and granites, the
average composition of rare earth elements in massifs made up of these
rocks is marked by a sharp predominance of the cerium group (XCe/XY = L4-5).
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Variations in composition of TR (rare earth elements) in different
types of igneous rocks.

1l - Granites; 2 - syenites and nepheline syenites; 3 - meteorites
(chondrites); L - gabbro and gabbro diorites; 5 - peridotite.

At the same time, a relative conéentration of the yttrium group is ob-
served in ultrabasic and basic rocks (XCe/IY = 1.0-1.2).

3. The content of rare earth elements increases as we go from
ultrabasic and basic rocks (lO-LL—lO-3 percent) to acid rocks (n-lO_E
percent) by more than an order of magnitude.

It is probable that these differences in the composition and con-
tent of rare earth elements in the principal types of rocks characterize
to a certain extent the process of separation of rare earth elements in
the geochemical evclution of the earth, which was pointed out by A. P.
Vinogradov (Refs. 21, 22).

A relative accumulation of XY in the more melanocratic intrusive
Phases was noted in certain alkaline massifs (Refs. 7, 28). 1In the
Susamyr batholite of granitoid rocks an early phase made up of gabbro-
diorites, diorites, and gabbro was comparatively rich (according to our
data) in the yttrium group as compared with a later phase of granites
(XCe/TY = 2.0 and 5.8, respectively).

Even though the processes which cause such separation of rare ele-
ments in individual massifs and in the earth's crust as a whole have not

e
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been studied, the attraction of the yttrium group of rare earth elements
to the more basic rocks can be explained in the first approximation by
the effect of the crystallochemical factor. Comparison of the distribu-
tion of rare earth elements and scandium, an element close to the yttrium
group of rare earth elements in respect to chemical and crystallochemical
properties, still serves as the basis for this opinion.

It is known (Refs. 9, 10, 21, 23, 26) that scandium accumulates
noticeably in ultrabasic and basic rocks due to isomorphic replacement of

Mg2+ and Fe2+ in olivines and pyrozenes. A like isomorphism can also be
assumed for the yttrium group of rare earth elements (the discrepancy in

the sizes of the ionic radii of the yttrium group and of Mg2+, Fe2t Goes
not exceed 30 percent and is comparable with the difference in the iso-
morphism of Na and K in feldspars and Mg and Ca in certain clinopyroxenes
(Ref. 51).

L. In contrast to the accumulation of the cerium group of rare
earth elements in the ultrabasic rock - basic rock - granite series, many
geochemical processes are marked by the accumulation of the yttrium group
of rare earth elements in the final stages.

A pronounced concentration of the yttrium group of rare earth ele-
HSnts was cncountcred in certain hydrothermal formations and pegmatites
(XCe/EY = 0.1-0.7), in aplites (¥XCe/XY = 0.35), and in individual deposits
of phosphorites (ICe/IY = 0.16). However, the rocks listed here occupy
an insignificant volume as compared with the principal types of igneous
and sedimentary rocks.

5. A few analyses of shales, clays, sandstones, and limestones in-
dicate that elements of the cerium group predominate in these rocks.

6. A comparison of the ratios of rare earth elements in granites,
ultrabasic, and basic, sedimentary and alkaline rocks with the composi-
tion of rare earth elements in the silicate phase of chondrites indicates
that on the whole the composition of rare earth elements in the rocks of
the earth's crust is distinguished by a high relative content of the ce-
rium group (¥Ce/XY = 1.0-30, on the average XCe/XY = 2.5-3.0), which dif-
fers sharply from the ratios of rare earth elements in meteorites
(ICe/LY = 0.5-0.6) in which the yttrium group predominates.

The content of rare earth elements in the rocks of the earth's
‘ -4 -1
crust (with fluctuations from 9-10 = to 6.0-10 = percent TRy03 and more )

_ -y
is significantly higher than in meteorites (5 to 7-10 percent TR2 3).

g
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Before going on to analysis of the differences in composition and
content of rare earth elements in the earth's crust and in meteorites, it
is necessary to discuss the nature of the correlation ratios of rare
earth elements in rocks.

Correlation Ratios of Rare Earth Elements in Rocks.

As previously noted, simple correlation connections whose mathemati-
cal expression was given in empirical equations derived by Masuda (Ref.
53) and Turanskaya (Ref. 37) were established for minerals as a result of
investigations from 1953 through 1958. Such connections are considered
for rocks in accordance with analyses known at the present time.

It can be seen from the figure that the maximum fluctuations in the
content of individual rare earth elements in different types of rocks are
to be found in the lightest and the heaviest lanthanides, chiefly on both
sides of Nd, whose relative content in rocks (and in meteorites) remains
almost constant (12-16 percent where TR = 100, Table 2), in spite of
sharp changes in the total content of other rare earth elements. It is
Probable that the latter may serve as the basis for a natural geochemical
boundary between the cerium and yttrium groups of rare earth elements
when computing the XCe/EY ratio.

This stahbility in the Nd econtent in different tyvpes of rocks when
there are significant changes in the composition of rare earth elements
also permits one to make use of Nd as a unique standard for comparisons
inside a group of rare earth elements. The La/Nd, Ce/Nd, Pr/Nd, ratios,
etc., should characterize the rare earth composition of a rock just as
well as the ICe/IY ratio and can also be comparable in respect to the ab-
solute value for different types of rocks, including meteorites (with ac-
curacy of * 20 percent, Table 2).

In a number of cases however, it is necessary to reconstruct ratios
of rare earth elements in rocks in which only certain rare earth elements
were determined by analysis.

A correspondence between changes in the ratios of individual rare
earth elements and variations in the total composition of rare earth ele-
ments (in particular, for Ce/Nd and Er/Nd to the XCe/IY ratio (Ref. 3)
was established in investigations of the distribution of rare earth ele-
ments in different alkaline massifs (Refs. 3, 7, 28) and in the Susamyr
batholith.

Scme examples which illustrate the presence of correlation ratios
for rare earth elements are presented in Table 3. As can be seen, ratios
of neighboring pairs of elements (La/Ce, Ce/Pr, Pr/Nd, etc.) undergo di-
rected changes: the ratios of neighboring pairs decrease with relative

/108



ontent of Individual Rare Earth Elements
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concentration of the yttrium group in rocks or phase; that is, in each
pair there is a shift toward an increasing role of the heavier lanthanigde.

It should be noted that although changes in the ratios of neighbor-
ing pairs are clear in the case of light rare earth elements, we have too
little data to be able to speak confidently of such changes in the case
of the yttrium group. Therefore, we have also utilized comparisons of
pairs of neighboring even rare earth elements in Table 3 which show a
regular change dimilar to variations in the ratios of neighboring pairs
of elements.

Thus, in principle, any ratio of two rare earth elements corres-
ponds to the composition of rare earth elements in a rock (or phase), ex-
pressed in any form (¥Ce/EY or XLa + Ce + Pr, etc.); that is, the ratio
of a pair of rare earth elements changes in a completely defined manner
with a change in the total composition of rare earth elements.

A knowledge of the correlation ratios of rare earth elements per-
mits one to reconstruct the composition of rare earth elements in respect
to the ratios and contents of individual elements; to detect errors in
computations or analyses of rare earth elements; and to establish devia-
tions from normal ratios, ete.

A number of examples with use of correlation ratios are given in

a) The approximate composition of rare earth elements in du-
-6
nite is calculated in accordance with known data for Eu (1.10 percent)

and Dy (5'10_6 percent, Ref. 21) with analyses of rare earth elements in
the silicate phase of chondrites (Ref. 63), carried out by the same
method used in determining Eu and Dy in dunite, cited for purposes of
comparison.

b) 1In many cases when analyzing rare earth elements in miner-
als and rocks it was possible to determine the content of only the most
brevalent rare earth elements. The cerium group was usually almost com-
pletely represented while data were, to a large extent, lacking on the
yttrium group. The latter is the reason why the content of heavy lantha-
nides is artificially reduced in computations of the average composition
of rare earth elements in minerals and in rocks.

The table shows two compositions of rare earth elements as computed
by different authors in accordance with the balance of rare earth elements
in minerals: the average for ultrabasic alkaline intrusions in the Kola
Peninsula, after Kukharenko and others (1960, Ref. 29) and the ratio of
rare earth elements in granite from the Ukrainian crystalline shield,

.
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after Gavrilova and Turanskaya (Ref. 24). The cited examples are charac-
terized by sharply reduced concentrations of the yttrium group, which is
readily discovered in the lack of correspondence between the average ra-
tios ICe/ZY = 14-35 and the ratios of pairs of elements La/Nd = 0.75-1.3
or Ce/Nd = 1.8-2.5, etc. (according to Table 3 of correlation ratios of
rare earth elements).

Checking the composition of rare earth elements in granite from the /111
Ukrainian crystalline shield by direct X-ray spectral analysis of rare
earth elements, carried out with N. V. Turanskaya participating, showed
that the composition of rare earth elements in this granite was actually
characterized by a XCe/EY = 4.7 ratio (and not XCe/XY = 1L, as computed
from the mineralogical balance). An analysis of rapakivi granite from
the same area (XCe/¥Y = 5.8, Table L) confirmed the accuracy of the pre-
liminary estimate (based on the table of correlation ratios) of the com-
putational reduction of the relative content of the yttrium group made by
the authors.

c. Table L alsc gives analyses of sphene-amphibolitic ijolite-
melteigites from the Lovozero Massif in which an unusual ratio of rare
earth elements was discovered (reduced La/Nd, Ce/Nd, and Pr/Nd ratios as
compared with other widely prevalent rocks in the massif which have close
values of ICe/ZY - eudialytic lujaurite with titanates and sodalitic sye-
nite). The deviation of the composition of rare earth elements in ijolite-
melitelgites Irom the norumi courrelation ratics indicoted a2n unusual gene-
sis for these rocks. On the basis of peculiarities of chemical and
mineralogical composition and the geological position (in zones where
xenoliths from Devonian effusions are prevalent), Gerasimovskiy and
Polyakov (Ref. 25) suggest that processes of assimilation and hybridism
played a large role in the formation of ijolite-melteigites. A compari-
son of the composition of rare earth elements in these rocks with the ra-
tio of rare earth elements in the Devonian xenolith and the average in
eudialytic lujaurites which enclose these rocks confirms this viewpoint
since the composition of rare earth elements in ijolite-melteigite turns
out to be "intermediate" between the sharply ceric composition of rare
earth elements in the xenolith and the composition of rare earth elements
in eudialytic lujaurites with concentration of the yttrium group.

These examples show the importance of knowing the correlation ra-
tios of rare earth elements in analyzing the composition of rare earth
elements in rocks.

In conclusion, it is necessary to point out the need for taking
into account yttrium in the composition of rare earth elements. The Y/Er
ratio is presented in Table 3. As can be seen there, this ratio changes
comparatively little (10-12) for different types of rocks, which indicates
the generality of routes of migration for rare earth elements and yttrium
in the magmatic process and permits rough computation of the yttrium con-
tent in rocks when data are lacking in respect to this element.
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The Deficit of the Yttrium Group of Rare Earth Elements in the
Earth's Crust as Compared with That of Meteorites (Chondrites)

This difference in the composition and content of rare earth ele-
ments in the earth's crust and in meteorites is obviously connected with
processes which took place during the formation of the earth's crust.
The essential nature and basic trends of these processes have been ex-
amined in the works of A. P. Vinogradov.

The basic hypothesis in the ideas developed by A. P. Vinogradov is
"recognition that the chemical composition of the earth's mantle is anal-
ogous to the composition of the matter in meteorites...." "more precisely,
the composition of the silicate phase of the earth corresponded to the
composition of stony meteorites™ (Ref. 20).

According to A. P. Vinogradov, the formation of the earth's crust
is the result of melting of basaltic matter from the mantle. Differenti-
ation of the mantle is expressed in separation into high-temperature du-
nites and a less refractory basaltic phase; in addition, rare earth ele-
ments are characterized by an increase in their content in the dunite-
chondrite-basalt series (Ref. 21).

Starting with this scheme of the melting of the mantle and taking
into account the difference in the composition of rare earth elements
in meteorites and in the earili’'s crust, ouc may accume that when the mat-
ter in the mantle split into a high-temperature phase of abyssal rock and
a basaltic residue from which the earth's crust was formed, there was
also a separation of rare earth elements. Since the rocks in the earth's
crust show a sharp concentration of the cerium group of rare earth ele-

ments as compared with the composition of rare earth elements in the sil- /112

icate phase of meteorites (the matter in the mantle), one must expect a
relative accumulation of the yttrium group of rare earth elements in the
abyssal differentiates of the mantle (possibly in dunites too).

At present there are no data on the composition of rare earth ele-
ments in abyssal rocks. A very approximate estimate of the composition
of rare earth elements in dunites can be obtained only by single analyses
of Eu and Dy (Ref. 21) and making use of the Eu/Dy ratio.

If we accept this ratio, then a decrease in it will correspond to a
relative concentration of the yttrium group and an increase in an accumu-
lation of the cerium group of rare earth elements in the rare earth compo-
sition of rocks (according to correlation ratios of rare earth elements
in rocks).

Data on determination of Eu and Dy and their ratio in certain rocks
of the earth's crust, meteorites, and dunites are presented in Table 5.
As can be seen in the table, the lowest value for the Eu/Dy ratio = 2 is
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Table 5

Changes in the Eu/Cy Ratio from Dunites to Meteorites
and the Earth's Crust

Ph Content
ase or
Eu/D Auth
Roek ” 7 u/Dy uthor
Eu, Dy,
Dunite l.O-lO—6 5-10-6 0.20 A. P. Vinogradov
(Ref. 21)
Chondrite 8.7-10‘6 3.9.107° 0.22 R. A. Schmitt
and others
(Ref. 63)
-6 -5
Same 8.0-10 3.4:10 0.24 Same
Same l.O-lO—6 3.0-10-5 0.34 A. P. Vinogradov
(Ref. 21)
. -k -4
Granite 1.1-10 3.0°10 0.37 Same (Ref. 21)
_) Y N
Basalt 1.3°10 7 2.1°10 ' 0.52 same (Kef. 21)
Earth's crust 1.3-10’1L 5.0-1o‘h 0.26 Same (Ref. 23)

observed in dunites; that is, we should expect a relative predominance of
the yttrium group in dunites, as compared with meteorites and rocks of
the earth's crust. Computation of the composition of rare earth elements
by the same data (Table L4) shows that a ICe/iY = 0.4 ratio is probable in
dunites while XCe/EY = 0.5-0.6 is observed in meteorites, and still higher
in the rocks of the earth's crust.

Thus, we can assume, as yet from indirect data and calculations,
that the difference in composition of rare earth elements in the earth's
crust and in the silicate phase of chondrites (the relative deficit of
the yttrium group of rare earth elements in the earth's crust) is due
chiefly to dispersion of yttrium rare earth elements in Fe- and Mg- sili-
cates of abyssal rocks in the mantle even though the composition of rare
earth elements in these rocks and in meteorites is apparently not too
different.
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